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RESUMEN
Se investigan la distribución mundial, la evolución estacional y los mecanismos subyacentes de la sequía de 
medio verano (MSD, por sus siglas en inglés) mediante un conjunto de observaciones realizadas en estacio-
nes climatológicas y datos de reanálisis con resolución espacial y temporal relativamente alta, con especial 
pQIDVLVHQODFRVWDGHO3DFt¿FRFHQWURDPHULFDQR\HOVXUGH0p[LFR$XQTXHOD06'GH&HQWURDPpULFD
GHVWDFDSRUVXFRKHUHQFLD\HVFDODHVSDFLDOQRHVH[FOXVLYDGHODUHJLyQGHO*UDQ&DULEHQLQHFHVDULDPHQWH
la más intensa del planeta, como lo demuestra un análisis objetivo de varios conjuntos de datos globales de 
precipitación. Se propone un mecanismo para la MSD que relaciona la dependencia latitudinal de los dos 
Pi[LPRVFOLPDWROyJLFRVGHSUHFLSLWDFLyQFRQHOFUXFHVHPHVWUDOGHODGHFOLQDFLyQVRODUORFXDOGHWHUPLQD
la presencia de dos picos de inestabilidad convectiva y por lo tanto de lluvias. Además de este mecanismo 
ORFDOVXE\DFHQWHXQDVHULHGHSURFHVRVUHPRWRVWLHQGHDDOFDQ]DUVXSXQWRPi[LPRHQHOYpUWLFHGHOD06'
Dichos procesos incluyen el monzón de Norteamérica, la corriente en chorro de bajo nivel del Caribe y el 
anticiclón subtropical del Atlántico Norte, que también puede suprimir las lluvias a lo largo de la costa del 
3DFt¿FRFHQWURDPHULFDQR\JHQHUDUYDULDELOLGDGLQWHUDQXDOHQODIXHU]DRHOPRPHQWRGHOD06'6LQHP-
EDUJRORVKDOOD]JRVGHHVWHHVWXGLRFRQWUDGLFHQHOSDUDGLJPDH[LVWHQWHGHTXHOD06'GHEHVXH[LVWHQFLDD
un mecanismo supresor de la precipitación. Por el contrario, a partir del análisis de registros temporales de 
mayor resolución de precipitaciones y variaciones que toman en cuenta la latitud, se sugiere que la MSD 
es básicamente el resultado de un mecanismo de reforzamiento de la precipitación que ocurre dos veces.
ABSTRACT
The global distribution, seasonal evolution, and underlying mechanisms for the climatological midsummer 
drought (MSD) are investigated using a suite of relatively high spatial and temporal resolution station ob-
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VHUYDWLRQVDQGUHDQDO\VLVGDWDZLWKSDUWLFXODUIRFXVRQWKH3DFL¿FFRDVWRI&HQWUDO$PHULFDDQGVRXWKHUQ
0H[LFR$OWKRXJKWKH06'RI&HQWUDO$PHULFDVWDQGVRXWLQWHUPVRIVSDWLDOVFDOHDQGFRKHUHQFH LW LV
neither unique to the Greater Caribbean Region (GCR) nor necessarily the strongest MSD on Earth based 
on an objective analysis of several global precipitation data sets. A mechanism for the MSD is proposed that 
UHODWHVWKHODWLWXGLQDOGHSHQGHQFHRIWKHWZRFOLPDWRORJLFDOSUHFLSLWDWLRQPD[LPDWRWKHELDQQXDOFURVVLQJ
of the solar declination (SD), driving two peaks in convective instability and hence rainfall. In addition to 
WKLVXQGHUO\LQJORFDOPHFKDQLVPDQXPEHURIUHPRWHSURFHVVHVWHQGWRSHDNGXULQJWKHDSH[RIWKH06'




higher-temporal resolution precipitation records and considering variations in latitude, we suggest the MSD 
is essentially the result of one precipitation-enhancing mechanism occurring twice.
Keywords: 0LGVXPPHUGURXJKW3DFL¿FSUHFLSLWDWLRQ
1. Introduction
A successful growing season is aided by the ability to rely on regular or predictable seasonal 
rainfall. Throughout the tropics, the timing and intensity of the rainy season are governed by 
monsoon dynamics, which are driven by local ocean-atmosphere-land interactions, the migration 
of the Intertropical Convergence Zone (ITCZ), and interactions thereof. The climatological 
seasonal cycle of precipitation in the Greater Caribbean Region (GCR) spans roughly May through 
2FWREHUDOWKRXJKWKHH[DFWEHJLQQLQJDQGHQGGDWHVYDU\VLJQL¿FDQWO\E\ORFDWLRQ/RQJNQRZQWR
agriculturally based societies across the global tropics, within the rainy season there is a temporary 
break from monsoon rains. This so-called midsummer drought (MSD), known colloquially by 
“veranillo” or “canícula” in Central America, is such a regular feature of the climatological rainy 
VHDVRQ WKDW VHHGLQJ DQGJURZLQJSUDFWLFHVRIPDQ\ IDUPHUVKDYHEHHQ WDLORUHG VSHFL¿FDOO\ WR
leverage a biannual monsoon (McLaurin et al., 2008). Previous studies have suggested that the 
GCR is home to the strongest MSD on the planet (e.g., Curtis, 2002).







Following the publication of Hastenrath’s early ideas, nearly three decades passed before interest in 
the MSD was renewed. These three decades were also a period during which climate observations 
WKURXJKRXWWKH*&5ERWKJURXQGEDVHGDQGVSDFHERUQHZHUHLPSURYLQJDQGH[SDQGLQJ
Magaña et al.SURSRVHGWKDWWKH06'FDQEHH[SODLQHGLQWHUPVRIDORFDOPHFKDQLVP
involving lagged feedbacks between sea surface temperature (SST), convection, and surface 
LQVRODWLRQ7KHDUJXPHQWLVDVIROORZVVHDVRQDOLQVRODWLRQFDXVHV667LQWKHHDVW3DFL¿FZDUP
SRRO (3:3 WRZDUP LQ HDUO\ VXPPHUZKLFKGULYHV FRQYHFWLRQ DQGSURGXFHV WKH¿UVW SHDN
in precipitation; at the height of convective activity, surface insolation is reduced due to cloud 
cover, thereby cooling SST, which reduces convection and produces the midsummer precipitation 
PLQLPXP¿QDOO\ZKLOHFRQYHFWLRQLVDWDPLQLPXPLQFUHDVHGLQVRODWLRQDJDLQZDUPV667ZKLFK
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results in convection and the second peak in precipitation. It follows that if seasonal forcing was 
FRQVWDQWRUVXPPHUZDVLQGH¿QLWHZLWKQRUHPRWHLQÀXHQFHVWKLVIHHGEDFNF\FOHZRXOGLPSO\D
perpetual oscillation of rainfall peaks and troughs (or MSDs) amidst a general rainy season, with 
a timescale determined by the SST-convection-radiation feedback and governed by the thermal 
UHVSRQVHWLPHVFDOHRIWKHRFHDQPL[HGOD\HU
Following Magaña et al.WKHPRVWUHFHQWGHFDGHKDVVHHQDPXOWLWXGHRIWKHRULHVIRU
the MSD. In the most general terms, the biannual structure of the seasonal cycle we refer to as the 
MSD could be the result of one or more precipitation-enhancing processes occurring twice per year: 
once during early summer (May-June) and once during late summer (September-October). The 
relevant processes in early and late summer need not be the same. Alternatively, the MSD could 
be due to one or more precipitation-inhibiting processes occurring once per year: in July-August. 
The MSD may also be the result of local nonlinear air-sea interactions such as those described by, 
e.g.+DVWHQUDWKRU0DJDxDet al.)LQDOO\WKHUHPD\EHPXOWLSOHSURFHVVHVDWZRUN
any of which may alone be capable of producing a brief annual reduction of precipitation in the 
GCR resembling the MSD.
0DQ\KDYHUHFHQWO\DUJXHGIRUDGRPLQDQWUROHRIWKHZHVWZDUGLQWHQVL¿FDWLRQRIWKH1$6+
VLPLODUWRLGHDVHQYLVDJHGE\+DVWHQUDWK0DSHVet al. (2005) used a “slowed-calendar” 
simulation of an atmospheric general circulation model to show that thermal disequilibrium in 
WKHODQGDWPRVSKHUHV\VWHPUHVXOWVLQDOHVVSURQRXQFHGZHVWZDUGLQWHQVL¿FDWLRQRIWKH1$6+
and therefore a less pronounced MSD. The model results show that if summer was long enough 
for the land surface temperature to reach equilibrium with seasonal forcing, the NASH would be 
stronger in midsummer and the rainfall reduction would be larger and begin ~1 month earlier. In 
addition to the intrusion of high pressure into the GCR, the NASH may be linked to the MSD 




et al. (2008), Small et al.DQG;LHet al. (2008) have presented arguments that the NASH 
DQGDVVRFLDWHG&//-PRLVWXUH WUDQVSRUWVSDUWLDOO\ H[SODLQ WKH06'5RPHUR&HQWHQRet al. 
DUJXHGWKDWWKH7HKXDQWHSHFDQG3DSDJD\RJDSZLQGVZKLFKH[KLELWDVHFRQGDU\
PD[LPXP LQPLGVXPPHU FDXVH WKH06'E\SUHYHQWLQJ WKH VRXWKHUO\ WUDGHZLQGV RYHU WKH
(3:3DQGFRQYHFWLRQIURPUHDFKLQJWKH&HQWUDO$PHULFDQFRDVW6LPLODUO\;LHet al. (2005) 
theorized that the Tehuantepec and Papagayo gap winds play a role, but that their direct impact 
RQWKH(3:3667¿HOG²HVSHFLDOO\WKH&RVWD5LFDGRPH²PRGXODWHVFRQYHFWLRQDQGPD\H[SODLQ
WKH06'6RPHKDYHDUJXHGWKDWWKHVHDVRQDOLW\RIWURSLFDOF\FORQHIUHTXHQF\KHOSVH[SODLQWKH
MSD (e.g., Curtis, 2002; Inoue et al., 2002; Small et al./LHEPDQQet al., 2008), while 
others have suggested the Madden-Julian Oscillation (MJO) is involved in producing the MSD 
(e.g., Molinari and Vollaro, 2000). Suppression of precipitation by Saharan dust has also been 
proposed as a mechanism for the MSD (González et al./RRNLQJWRWKHIXWXUH5DXVFKHUet al. 
(2008) assessed how current coupled GCMs capture the MSD and how the MSD is projected 
to change in response to global warming. They found that the MSD is fairly well represented 
in coupled GCMs despite overall biases, and that the MSD is projected to become stronger, 
including an earlier onset. The long-term changes appear to be accompanied by a westward 
H[SDQVLRQDQGLQWHQVL¿FDWLRQRIWKH1$6+LQFOXGLQJWKHDVVRFLDWHGORZOHYHOHDVWHUOLHVDQG
DQHTXDWRUZDUGGLVSODFHGHDVWHUQ3DFL¿F,7&=
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The body of work on the MSD to date has implicated several climate processes capable of 
producing interannual variability and/or long-term trends in characteristics of the MSD such as 
its strength and onset. However, it remains unknown what are the basic causal mechanisms for the 
midsummer drought in the GCR. In order to ultimately improve predictions of the seasonal cycle 
of rainfall in the GCR, the causal mechanisms of the MSD, as well as those that contribute to its 
YDULDELOLW\PXVWEHEHWWHUXQGHUVWRRG)RFXVLQJRQWKH3DFL¿FFRDVWRI&HQWUDO$PHULFDDQGVRXWKHUQ
0H[LFRKHUHZHDQDO\]HDVXLWHRIUHODWLYHO\KLJKVSDWLDODQGWHPSRUDOUHVROXWLRQREVHUYDWLRQVDQG
propose a simple underlying mechanism for the climatological midsummer drought. The remainder 
RIWKHSDSHULVRUJDQL]HGDVIROORZVWKHYDULRXVGDWDVHWVDQDO\]HGDUHGHVFULEHGEULHÀ\LQVHFWLRQ
2, observational results are presented in section 3, and the conclusions along with a discussion of 
IXWXUHUHVHDUFKGLUHFWLRQVDUHJLYHQLQVHFWLRQ
2. Data and methods
A useful characterization of the MSD phenomenon in terms of precipitation requires balancing the 
strengths and limitations of multiple observational data sets, i.e., record length, temporal resolution, 
spatial domain (including whether the ocean is included), spatial resolution, and platform (satellite, 
gauge, blend, etc.). To this end, we acquired and analyzed the following gridded monthly observed 
precipitation data sets: National Oceanic and Atmospheric Administration Land Precipitation (NOAA 
PREC/L; Chen et al., 2002); National Aeronautics and Space Administration Global Precipitation 
Climatology Project (NASA GPCP; Adler et al., 2003); NASA Tropical Rainfall Measuring Mission 
(NASA TRMM; Huffman et al. 12$$&OLPDWH3UHGLFWLRQ&HQWHU0HUJHG$QDO\VLVRI




Program (DEKLIM; Beck et al., 2005); NOAA Climate Anomaly Monitoring System (CAMS; 
-DQRZLDNDQG;LHDQG12$$&3&0RUSKLQJ7HFKQLTXH&0253+-R\FHet al.
For brevity, we do not show the results from all data sets in this paper.
Beginning with each of the monthly gridded observed precipitation data sets, we developed an 
DOJRULWKPWRREMHFWLYHO\PDSWKHJOREDOGLVWULEXWLRQRIWKH06'H[LVWHQFHDQGVWUHQJWK7KHHVVHQFH
RIWKH06'H[LVWHQFHVWUHQJWKDOJRULWKP0(6$LVDVIROORZVIRUHYHU\SRLQWRQWKHJOREHRU





the month(s) of the minima (i.e., the MSD), or a parametric shape of the seasonal cycle. The 
SUHFLSLWDWLRQFOLPDWRORJ\LVHYDOXDWHGREMHFWLYHO\DWHYHU\ORFDWLRQDQG³SHDNV´UHODWLYHPD[LPD
that are separated by 1-3 months are searched for. The MESA considers peaks that are separated 
by four or more calendar months to be two distinct rainy seasons, and considers three consecutive 
months containing the three rainiest months of the year to be a single, complete rainy season without 
a MSD. Furthermore, the southern hemisphere calendar is shifted such that at any location on the 
JOREHWKHRQO\VHDVRQGXULQJZKLFKDSUHFLSLWDWLRQPLQLPXPEHWZHHQWZRPD[LPDZRXOGQRW
constitute a MSD is local winter. A schematic illustration of the MESA is provided in Figure 1.
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)RUGHWDLOHGDQDO\VLVRISUHFLSLWDWLRQZLWKLQ WKH*&5SDUWLFXODUO\RXU IRFXVRQ WKH3DFL¿F
FRDVWRI&HQWUDO$PHULFDDQGVRXWKHUQ0H[LFRZHDFTXLUHGGDLO\PHWHRURORJLFDOGDWDIURP
VWDWLRQVDORQJ WKH3DFL¿FFRDVWRI&HQWUDO$PHULFDIURPWKH,5,/'(2&OLPDWH'DWD/LEUDU\
Station records of precipitation and surface air temperature analyzed in this study are from the 
NOAA NCDC Global Historical Climatology Network (GHCN) Daily v.1 (Vose et al.
Table I provides some details on each station, and Figure 2 shows the geographic distribution of 
the 20 stations. These stations were chosen because they have similar, overlapping temporal records 
VSDQQLQJDWOHDVWRQHGHFDGHWKH\DUHDOOFRDVWDOVWDWLRQVRQWKH3DFL¿FVLGHRIWKHFRUGLOOHUDDQG
WKH\VSDQWKHHQWLUHODWLWXGHEDQGRI&HQWUDO$PHULFDIURP3DQDPDLQWRVRXWKHUQ0H[LFR7KH
)LJ 'LDJUDP LOOXVWUDWLQJ WKH06'H[LVWHQFHVWUHQJWK DOJRULWKP 0(6$




rather, it indicates that there are two distinct climatological rainy seasons. The 
LPSOLFDWLRQRIUHDFKLQJWKHUHGDUURZPDUNHGȕLVWKDWWKHWKUHHZHWWHVWPRQWKV
of the year comprise a single peak thus completing a single rainy season without 
DEUHDNRUWKHGXUDWLRQRIWKHZRXOGEH06'PRQWKV
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period of overlapping temporal coverage shared among all stations (save for sporadic periods of 
PLVVLQJGDWDDQGWKHUHIRUHWKHSHULRGIRUDQDO\VLVRIVWDWLRQGDWDLQWKLVVWXG\LV
\HDUV2XUPHWKRGRIDYHUDJLQJZDVFDUHIXOO\FKRVHQZH¿UVWDSSO\DGD\UXQQLQJPHDQWRWKH
full 12 years of daily data, and then compute the daily climatology. This is distinct from computing a 
monthly climatology by averaging discrete calendar months or computing a noisy daily climatology 
without prior smoothing. The result is effectively a monthly climatology at daily resolution.
:HDOVRDQDO\]HGVDWHOOLWHGHULYHG667DQGGLDJQRVWLF¿HOGVIURPJOREDODQGUHJLRQDOUHDQDO\VHV
at pseudo-stations corresponding to the nearest grid point to and just offshore of each of the 20 
GHCN stations described above and in Table I/Figure 2. The SST data we used are from the NOAA 
Optimal Interpolation (OI) v.2 weekly 1º product (Reynolds et al.:HXWLOL]HUHDQDO\VLV¿HOGV
IURPWKHJOREDO1&(31&$55HDQDO\VLV'DLO\7SURGXFW.DOQD\et al.DQGHVSHFLDOO\
the precipitation-assimilating NCEP North American Regional Reanalysis (NARR) Daily ~0.3º 
product (Mesinger et al.6LPLODUFRQFOXVLRQVEDVHGRQGLDJQRVWLFFDOFXODWLRQVZHUHUHDFKHG
with both the NCEP/NCAR and NARR reanalyses, save for fundamental differences due to spatial 
UHVROXWLRQIRUEUHYLW\ZHVKRZUHVXOWVIURP1$55RQO\$FDUHIXOHYDOXDWLRQRI1$55¿HOGV
DQGGLVFXVVLRQVRILWVTXDOLW\DQGOLPLWDWLRQVFDQEHIRXQGLQ1LJDPDQG5XL]%DUUDGDV
and Shafran et al. (2005). For consistency with the GHCN daily station precipitation records, the 
SHULRGLVXVHGWKURXJKRXWDOODQDO\VHVDQGWKHVDPHPHWKRGRIFRPSXWLQJWKHPRQWKO\
climatology from daily data was used.
3. Results
3.1 Global distribution
Given the multitude of global, gridded land precipitation data sets available, a worthwhile starting 
point for understanding the basic mechanism(s) for the MSD is its global distribution based on the 
)LJ7RSRJUDSKLFPDSRI&HQWUDO$PHULFDVRXWKHUQ0H[LFRDQGVXUURXQGLQJUHJLRQ(7232
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objective MESA algorithm described in the previous section. The resulting map from one such 
data set, NOAA PREC/L (Chen et al., 2002), is shown in Figure 3. Even in this land-only data 
set, the global prevalence of the MSD is quite surprising, including South America, south/central 
86-DSDQWKHHDVWFRDVWRI&KLQDFHQWUDO$IULFDDQGFRDVWDO$XVWUDOLD7KHÀH[LEOHQDWXUHRI
RXU06'DOJRULWKP0(6$HQDEOHV LOOXPLQDWLQJUHJLRQV WKDWH[SHULHQFHDELDQQXDOVHDVRQDO
cycle of rainfall without the constraint that the mean climatology be parametrically identical to 
that of the GCR. The distribution of biannual precipitation over Africa is rather interesting, with 
a strong biannual signal on either side of the equator, which is probably related to the seasonal 
migration of the ITCZ. The biannual signal hugging the Gulf of Guinea in west and central Africa 
indeed appears to be the strongest on the planet. Despite the fact that the MSD is a more globally 
prevalent feature than previously thought, the MSD over the GCR stands out especially in spatial 
scale and coherence.
)RFXVLQJRQWKH*&5VKRZQLQ)LJXUHDUHHTXLYDOHQW06'GLVWULEXWLRQVIURP35(&/
and three additional precipitation data sets (UNAM, TRMM, and GPCP). Throughout the GCR, 
the MSD stands out as a robust feature of the seasonal climate, especially Central America, 
&XED+LVSDQLRODVRXWK)ORULGDDQG WKH%DKDPDVDQG WKH*XOIFRDVWRI0H[LFRDQG7H[DV
There is remarkable agreement among the four data sets shown regarding the distribution and 
7DEOH,/LVWRIVWDWLRQVDORQJWKH3DFL¿FFRDVWRIVRXWKHUQ0H[LFRDQG&HQWUDO$PHULFDXVHG LQ WKLV
study, from the GHCN Daily v.1 (Vose et al.6WDWLRQVDUHOLVWHGLQGHVFHQGLQJRUGHURIODWLWXGH
6DQDORQD0H[LFRWKURXJK0DFDUDFDV3DQDPD6HH)LJXUHIRUWKHJHRJUDSKLFGLVWULEXWLRQRIWKHVH
stations. The period of overlapping temporal coverage shared among all stations (save for sporadic missing 
GDWDDQGWKHUHIRUHWKHSHULRGIRUDQDO\VLVRIVWDWLRQGDWDLQWKLVVWXG\LV\HDUV6XUIDFH
DLUWHPSHUDWXUHUHFRUGVIRUVWDWLRQVVRXWKRI0H[LFR1ZHUHQRWDYDLODEOH
Station ID  Lat. Lon. Elev. Temporal Location
25081 1 : P  6DQDORQD0H[LFR
18001 1 : P  $FDSRQHWD0H[LFR
 1 : P  -XPDWiQ0H[LFR
 1 : P  (O7XLWR0H[LFR
 1 : P  $UPHUtD0H[LFR
12052 1 : P  /D8QLyQ0H[LFR
12012 1 : P  $\XWOD0H[LFR
 1 : P  -XFKLWiQGH=DUDJR]D0H[LFR
 1 : P  0DUJDULWDV0H[LFR
 1 : P  &DKXDFiQQHDU7DSDFKXOD0H[LFR
 1 : P  Guatemala City, Guatemala
3800510 1 : P  Ilopango; in San Salvador, El Salvador
 1 : P  La Unión, El Salvador
 1 : P  Choluteca, Honduras
 1 : P  San Dionisio; near Estelí, Nicaragua
 1 : P  Juigalpa, Nicaragua
 1 : P  Liberia, Costa Rica
 1 : P  Fabio Baudrit; San José, Costa Rica
  1 : P  Palmar Sur, Costa Rica
128005  1 : P  Macaracas, Panama







7R H[SORUH WKH VSDWLRWHPSRUDO HYROXWLRQ RI WKH06'ZH SUHVHQW LQ WKLV DQG WKH IROORZLQJ
VXEVHFWLRQVDVHULHVRIDQDO\VHVWKDWYLHZVWDWLRQVDORQJWKH3DFL¿FFRDVWRI&HQWUDO$PHULFDDQG
VRXWKHUQ0H[LFRLGHDOO\DVDIXQFWLRQRIODWLWXGH8VLQJWKHKLJKWHPSRUDOUHVROXWLRQGDLO\VWDWLRQ
precipitation records from locations indicated in Table 1 and Figure 2, shown in Figure 5 are time-
latitude plots of mean climatological 31-day running mean precipitation and rainfall frequency. 
'HVSLWHGLIIHUHQFHVLQWRWDOSUHFLSLWDWLRQRYHUWKH\HDUQHDUO\DOOVWDWLRQVLQWKLVGRPDLQH[SHULHQFH




frequency, it is clear that the timing and duration of the MSD is a strong function of latitude. The 
JHQHUDOUDLQ\VHDVRQDUULYHV¿UVWLQWKHVRXWKHUQODWLWXGHVSURSDJDWHVQRUWKZDUGWKURXJK&HQWUDO
$PHULFDDQGZHOOLQWR0H[LFRDQGWKHQVRXWKZDUGOHDYLQJLQEHWZHHQDUHODWLYHPLQLPXPRI
rainfall rate and frequency that decreases in duration with latitude. However, it can also be seen 
that the duration of the MSD (i.e.WKHWLPHEHWZHHQWKH¿UVWDQGVHFRQGSUHFLSLWDWLRQPD[LPD












)LJ *OREDO GLVWULEXWLRQ RI ORFDWLRQV REMHFWLYHO\ GHWHUPLQHG WR H[KLELW DPHDQELDQQXDO F\FOH RI
precipitation based on the NOAA PREC/L data set (gridded station and satellite blend, land only, 0.5º 
UHVROXWLRQ3ORWWHGLVWKHGLIIHUHQFHEHWZHHQWKHPHDQRIWKHWZRUHODWLYHPD[LPDDQGWKH
relative minimum (mm/day), calculated according to the MESA algorithm illustrated in Figure 1.
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The solar declination angle (SD hereafter) is a convenient seasonal pace-keeper with which to 
compare since it is equivalent to the latitude at which the sun is directly overhead at its zenith, and 
therefore represents the latitude at which the most solar radiation is incident upon the top of the 
DWPRVSKHUH:KHQFRPSDUHGZLWKWKH6'DOVRVKRZQRQERWKSDQHOVRI)LJXUHERWKWKHWRWDO
rainfall and rainfall frequency follow the seasonal march of the sun, but with a 30-50 day lag. To 





no MSD. Clearly, the duration of the MSD at each of these locations is a simple function of how 
HDUO\ODWHWKH¿UVWVHFRQGSUHFLSLWDWLRQPD[LPXPDUULYHV6LQFHWRWDOUDLQIDOOUDWHVDWGLIIHUHQW
VWDWLRQVDORQJWKHFRDVWZLOOEHLQÀXHQFHGE\VHYHUDOIDFWRUV)LJXUHVKRZVWLPHODWLWXGHSORWVRI
precipitation rate and frequency where the values at each station are normalized by the local annual 
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)LJ$VLQ)LJXUHEXWIRFXVHGRQWKH*&5LQIRXUJULGGHGSUHFLSLWDWLRQGDWDVHWV
including PREC/L (land only, gauge-satellite blend), UNAM (land only, gauge only), 
TRMM (land and ocean, satellite only), and GPCP (land and ocean, gauge-satellite blend).
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QRUPDOL]HGSUHFLSLWDWLRQZLWKLQWKHODWLWXGHUDQJHa1ZKLFKE\YLUWXHRIEHLQJGLUHFWO\
DGMDFHQWWRWKHZHVWHUQ&DULEEHDQEDVLQPD\EHUHODWHGWRWKHPD[LPXPVHDVRQDOVWUHQJWKRIWKH
CLLJ as implicated by several previous studies.
7KHWLPHODJRIGD\VEHWZHHQWKHPD[LPXPVRODUUDGLDWLRQIRUZKLFKZHXVH6'DVD
SUR[\DQGWKHVHDVRQDOPD[LPDLQUDLQIDOOVXJJHVWDSRVVLEOHUROHIRUVRODUKHDWLQJRIWKHRFHDQ
off the coast of Central America, i.e.LQWKH(3:3DVZHOODVWKHODQGVXUIDFH3UHYLRXVQXPHULFDO







PD[LPXP667VWKDWOLNHSUHFLSLWDWLRQDUHODJJHGE\GD\VFig. 8b). Also lagging the solar 
GHFOLQDWLRQDQJOHDQGFRLQFLGHQWZLWKPD[LPXP667LVPD[LPXPQHDUVXUIDFHVSHFL¿FKXPLGLW\
(Fig. 8c), in this case from the lower-resolution global reanalysis. In late summer and early fall, 
neither SST nor humidity has returned to lower wintertime values, and the second (descending) pass 
RIWKH6'RQO\UHVXOWVLQPRGHVW667ZDUPLQJDQGDUHODWLYHO\PLQRUODWHVHDVRQDOPD[LPXPLQ
DEVROXWH6677KHELDQQXDOVHDVRQDOF\FOHRIDEVROXWH667LVRQO\HYLGHQWVRXWKRIa1IXUWKHU
north, the time interval between the ascending and descending SD passes is too short relative to the 
UHVSRQVHWLPHRIWKHRFHDQPL[HGOD\HUPRQWKVIRU667WRFRROGRZQLQEHWZHHQDQGKHQFH
WKHVHDVRQDOPD[LPXPDEVROXWH667SHUVLVWVWKURXJKRXWWKHVXPPHU
3.3 Seasonal thermodynamic energy budget
To better understand the thermodynamic processes giving rise to the observed biannual seasonal 




















































$PHULFDDQGVRXWKHUQ0H[LFRi.e., all 20 stations shown in Figure 2. The solar declination 
angle is denoted by a black line.
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resolution NARR reanalysis data set. Similar to the above analyses of SST and surface humidity, 
we analyze time-latitude depictions at pseudo-stations closely corresponding to the twenty GHCN 
VWDWLRQVOLVWHGLQ7DEOHDQGRIIVKRUHFRXQWHUSDUWV'XHWRWKHFRPSOH[WRSRJUDSK\RIWKH*&5
UHJLRQZKLFKFDQRQO\DSSUR[LPDWHO\EHUHSUHVHQWHGE\DPRGHOZLWKNPVSDWLDOUHVROXWLRQ
and our hypothesis that the seasonal migrations of precipitation following the SD is related to 




tropical convective potential and is a standard output of the NARR reanalysis product, moist static 
stability (MSS) readily lends itself to decomposition into intuitive terms. The moist static energy 
)LJ0HDQFOLPDWRORJLFDOGD\UXQQLQJPHDQ
rainfall (solid lines) and 31-day running sum of 
rain days (dashed lines) at four representative 
stations (denoted as white triangles in Fig. 2). 
All time series are normalized by the local 
annual mean and seasonal standard deviation to 
facilitate comparison. Vertical lines in (a) denote 
WKH WLPLQJRIPD[LPD LQ EGZLWK WKLFNQHVV
corresponding to station latitude.








































































































































stations. SST observations are from the NOAA OI 
v.2 weekly 1º resolution data set, and humidity 
data are from the NCEP/NCAR reanalysis daily 
7UHVROXWLRQGDWDVHW$OOYDOXHVDUHQRUPDOL]HG
by the local annual mean and seasonal standard 
deviation. Locations used from each data set were 
those offshore points nearest to the GHCN stations 
indicated in Table I and Figure 2.
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06(RIDQDLUSDUFHOLVGH¿QHGDVWKHVXPRILWVLQWHUQDOJHRSRWHQWLDODQGODWHQWHQHUJ\06(
LVWKXVJLYHQE\WKHH[SUHVVLRQ
MSE = Cp T + g z + Lv q
where CpLVWKHVSHFL¿FKHDWIRUGU\DLUDWFRQVWDQWSUHVVXUH-NJ–1 K–1), T is temperature, g 
LVWKHDFFHOHUDWLRQGXHWRJUDYLW\PV–2), z is height, Lv is the latent heat of vaporization for 
water (2.5 10J kg–1), and qLVVSHFL¿FKXPLGLW\1RWHWKDWWKHLQWHUQDODQGJHRSRWHQWLDOHQHUJ\
terms (Cp T + g z) together constitute the parcel’s dry static energy. Saturation MSE is the same as 
06(H[FHSWWKDWq is replaced with the saturation value, qsat(T, p), a function of temperature and 
SUHVVXUHDORQH7KH066LVWKHVDWXUDWLRQ06(DWDUHIHUHQFHOHYHOK3DPLQXVWKHVXUIDFH
MSE, and the air column is unstable if this is negative. The mean climatological moist static 
stability averaged from April 10-November 21 from the NARR is shown as background to the 
PDSLQ)LJXUH2YHUWKHRFHDQLFUHJLRQV066LVVWURQJO\DIXQFWLRQRIVXUIDFHDLUWHPSHUDWXUH
which is in turn strongly a function of SST. Hence, areas with strongest moist static instability are 
IRXQGRYHUWKHZDUPHVWPHDQDQQXDO667VXFKDVDORQJWKH3DFL¿FFRDVWRIVRXWKHUQ0H[LFRDQG
in the central Caribbean region.
Before dissecting the terms involved in the thermodynamic energy budget, it is necessary to 
ensure that (a) the NARR captures the observed seasonal evolution of precipitation in the region 
of interest, and (b) MSS is a good surrogate for CAPE. Shown in the left panels of Figure 10 are 
precipitation and normalized precipitation from the NARR. (Results from coastal and offshore 
pseudo-stations are very similar; for brevity we only show the offshore pseudo-station results.) 






and presented in time-latitude format in Figures 11 and 12, respectively. At the surface, the internal 
120 110 100
Longitude (ºW)























Regional Reanalysis (NARR) encompassing southern 
0H[LFRDQG&HQWUDO$PHULFD&RDVWDODQGRIIVKRUH
pseudo-stations corresponding to GHCN stations are 
indicated by + and o signs, respectively. Plotted in the 
EDFNJURXQGLVWKHPHDQFOLPDWRORJLFDO
moist static stability (MSS; J/kg) averaged from 
April 10-November 21 (Julian days 100-325) from 
the NARR, with positive values indicating instability.
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energy term is nearly an order of magnitude larger than the latent energy term (Fig. 11, top row), 
meaning the relatively warm temperature of the surface is providing the bulk of the surface MSE. 
However, as is evident in the normalized series of plots (Fig. 11, bottom row), both the dry static 
energy and latent energy contribute strongly to the seasonality of the surface MSE. This is reasonably 
LQWXLWLYHVLQFHWKHZDWHUYDSRUSUHVVXUHLVDQH[SRQHQWLDOIXQFWLRQRIWHPSHUDWXUHDFFRUGLQJWR
WKH&ODXVLXV&ODSH\URQUHODWLRQ$VLQGLFDWHGLQWKHXSSHUOHIWSDQHORI)LJXUHWKHK3D
saturation MSE is overall less than the surface MSE throughout the majority of the latitudinally-
GHSHQGHQWUDLQ\VHDVRQ$VZLWKWKHVXUIDFHWKHVDWXUDWLRQ06(DWK3DLVDOVRGRPLQDWHGE\
the internal energy term. The geopotential energy term approaches ~15% of the amount contributed 
by internal energy in the northern latitudes, and the latent energy term again mirrors the internal 
HQHUJ\WHUPEXWRQO\DWaWKHUHRI([DPLQLQJWKHVHFRQGKDOIRIWKH\HDUWKHUHLVDSDUWLFXODUO\
VWULNLQJODFNRIVDWXUDWLRQ06(DWK3D)LJOHIWSDQHOVGXULQJZKLFKDVHFRQGDOEHLW
weaker, equatorward-propagating signal in surface MSE arrives with the SD.
Despite the fact that the mean annual MSE budgets both at the surface and aloft are dominated by 
WKHLQWHUQDOHQHUJ\WHUPVWKHVHDVRQDOYDULDWLRQDVDIXQFWLRQRIODWLWXGHLVIXQGDPHQWDOO\LQÀXHQFHG
E\WKHYDULDWLRQRIVXUIDFHVSHFL¿FKXPLGLW\7KLVLVOLNHO\GXHWRWKHODUJHUVHDVRQDOUDQJHRIVSHFL¿F
humidity than surface air temperature, which is again a property owing to the nonlinear nature of the 
&ODXVLXV&ODSH\URQUHODWLRQ)RUH[DPSOHWKH¿UVWSHDNLQ066GD\aLVSULPDULO\DUHVXOWRI
WKHLQFUHDVHLQVXUIDFHVSHFL¿FKXPLGLW\)LJERWWRPULJKW)XUWKHUPRUHWKHUHODWLYHPD[LPXP
of MSS found near the middle of the year (day ~200), which precedes the second precipitation 
PD[LPXPSURSDJDWLQJHTXDWRUZDUGDORQJWKHFRDVWLVWKHRQO\VDOLHQWIHDWXUHRIWKHVHDVRQDOVWUXFWXUH
RIQRUPDOL]HG066WKDWZRXOGH[LVWZLWKRXWWKHVHDVRQDOLW\RIWKHODWHQWHQHUJ\WHUP
)LJ7RSURZ7LPHODWLWXGHSORWVRIFOLPDWRORJLFDOSUHFLSLWDWLRQNJP–2 s–1), convective 
available potential energy (CAPE; J kg–1), and moist static stability (MSS; J kg-1) from the NARR 
offshore pseudo-stations. Bottom row: as in top row but data at each pseudo-station are normalized by 





Precip. (kg m–2 s–1) CAPE (J kg–1) MSS (J kg–1)
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Having a better understanding of the dominant terms in the seasonal thermodynamic energy 
EXGJHWZH UHWXUQ WR WKH MX[WDSRVLWLRQRI UDLQIDOO6' DQG&$3( )LJ$ORQJ WKH3DFL¿F
FRDVWRI&HQWUDO$PHULFDDQGVRXWKHUQ0H[LFRWKHUHLVDFOHDUELDQQXDOSUHFLSLWDWLRQVLJQDOWKDW
VTXHH]HVWRZDUGDVLQJOHDQQXDOPD[LPXPDWRUYHU\QHDUWKH7URSLFRI&DQFHU1%HWZHHQ
Fig. 11. First and second rows: Time-latitude plots of climatological 
VXUIDFHPRLVWVWDWLFHQHUJ\6IF06(-NJ–1) and its three 
component terms including Cp T (J kg–1), g z (J kg–1), and Lv q (J kg–1) 
calculated for the NARR offshore pseudo-stations. Third and fourth 
rows: As in top row but data at each pseudo-station are normalized 
by the local annual mean and seasonal standard deviation. Note that 





Sfc. MSE (J kg–1) x105 Sfc. Cpt (J kg–1) x105
Sfc. gz (J kg–1) Sfc. Lvq (J kg–1)
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WKHWZRPD[LPDLVDUHODWLYHPLQLPXPZHNQRZDVWKH06',QJHQHUDOWKLVVWUXFWXUHLVYHU\





Fig. 12. First and second rows: Time-latitude plots of climatological 
K3DVDWXUDWLRQPRLVWVWDWLFHQHUJ\6DW06(-NJ–1) 
and its three component terms including Cp T (J kg–1), g z (J kg–1), 
and Lv qsat (J kg–1) calculated for the NARR offshore pseudo-stations. 
Third and fourth rows: as in top row but data at each pseudo-station are 





600-hPa Sat. MSE (J kg–1) x105 x105
x104 x104600-hPa gz (J kg–1)
600-hPa CpT (J kg–1)
600-hPa Lvqsat (J kg–1)
600–hPa MSE (norm.) 600–hPa Cpt (norm.)
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$PHULFDQ0RQVRRQ6\VWHPE\DODUJHVFDOHWKHUPDOO\GULYHQORZRYHUFRQWLQHQWDO0H[LFRDQG
propagating northward and out of the analysis domain (Vera et al., DQGUHIHUHQFHVWKHUHLQ$OO
RWKHUORFDOUHODWLYHSUHFLSLWDWLRQPD[LPDDUHIRXQGVXEVHTXHQWWRORFDOUHODWLYHPD[LPDLQ&$3(




declination angle. The heavy white line on the left panel follows the meridionally propagating 
SUHFLSLWDWLRQPD[LPDDQGLVUHSURGXFHGRQWKHULJKWSDQHO7KHUHJLRQRXWOLQHGE\WKHGDVKHGKHDY\



























































seasonal variation of Tsfc, and surface MSE without seasonal variation of qsfc (all values normalized 
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which, in turn, removes humidity and re-stabilizes the atmosphere, until CAPE builds again with 
WKHHTXDWRUZDUGSDVVLQJ6'OHDGLQJWRWKHVHFRQGSUHFLSLWDWLRQPD[LPXP
4. Summary and conclusion
In this paper, we have presented a novel, objective analysis of the global distribution of the MSD 
phenomenon, and focused on diagnosing its basic underlying mechanism with observations. 
Although there is a robust MSD in the GCR, it is not necessarily the strongest in the world as 
compared to other tropical regions (e.g.WKH*XOIRI*XLQHD)XUWKHUPRUHVHYHUDOH[WUDWURSLFDO
FRDVWDO UHJLRQV DOVR H[KLELW D UREXVW06' e.g., China and Japan). Our analyses of daily 
SUHFLSLWDWLRQDQGGLDJQRVWLFUHDQDO\VLV¿HOGVSRLQWWRDUHODWLYHO\VLPSOHXQGHUO\LQJPHFKDQLVP
IRUWKHFOLPDWRORJLFDO06'DORQJWKH3DFL¿FFRDVWRI&HQWUDO$PHULFDDQGVRXWKHUQ0H[LFR





with appropriate lag to the solar declination. Meanwhile, the still-warm SSTs continue to supply 
enhanced moisture to the daytime thermal circulation and further enhance coastal rainfall by 

















convection associated with the MSD rather than a remote cause of the MSD. Nonetheless, our results 
FKDOOHQJHWKHH[LVWLQJSDUDGLJPWKDWWKH06'LVWKHUHVXOWRIDGLVWLQFWSUHFLSLWDWLRQVXSSUHVVLQJ
mechanism. Rather, we suggest that the MSD is essentially the result of the same precipitation-
enhancing mechanism occurring biannually.
The characterization of the MSD as a latitudinally-dependent climatological feature related to 
the SD was made possible by the use of high temporal resolution data; the meridional propagation 
of the monsoon and its lagged correlation with the solar declination angle could easily be missed 
LQPRQWKO\DQGHYHQSHUKDSV¿[HGSHQWDGGDWD)XWXUHUHVHDUFKZLOODGGUHVVWKHFRQWULEXWLRQRI
RWKHUSURFHVVHVWKDWDOVRWHQGWRSHDNGXULQJWKHDSH[RIWKH06'DVWKH\PD\EHHVVHQWLDOWR
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XQGHUVWDQGLQJLQWHUDQQXDOYDULDELOLW\DQGSUHGLFWDELOLW\E\PRGXODWLQJUDLQIDOODORQJWKH3DFL¿F
coast of Central America.
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